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Abstract Within the Ecosystem-based fisheries management framework, we evaluated
the changes over time in bycatch species of the European tuna purse-seine fishery oper-
ating in the eastern Atlantic Ocean. Bycatch data was collected during two scientific
observer programs conducted in the late 1990s and in the late 2000s. Over these two time
periods, we compared the temporal trends in bycatch species composition, the probability
of occurrence of functional groups per fishing set, the spatio-temporal species richness and
the potential impact on several species listed in the red list of the International Union for
Conservation of Nature (IUCN). The analyses were performed separately on the two main
fishing modes of the fleet, i.e. sets on free-swimming school sets and on fish aggregating
devices (FADs). Owing data quality constraints, we did not estimate bycatch rates. Ours
results showed that the species composition of sharks caught on FADs decreased over time.
The total species richness was higher for FAD sets than for free-swimming school sets (87
vs. 61 species respectively), such difference is common between fishing modes worldwide.
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For the species catalogued as threatened by the IUCN, in free-swimming schools, 25.5 %
of the species caught during first period increased to 30.4 % during second period, while
for FAD-fishing the increase was from 28.8 % during first period to 34.9 % in second
period. Ours findings suggest that tropical tuna purse-seine fisheries should include eco-
system-based governance of bycatch. Effective tuna management will require a combi-
nation of technological improvements for mitigating incidental catch of vulnerable species,
best use of byproduct species, regulations in fishing practices and in spatial distribution of
fishing effort, and international agreements that, together, can monitor and manage by-
catch, reducing the negative fishing effects on the epipelagic ecosystem biodiversity.
Keywords Bycatch  Tropical tuna  Purse-seine fishing  Eastern tropical
Atlantic  Ecosystem-based fisheries management
Introduction
Fisheries exploitation affects not only target species populations but can also affect the fish
community structure and diversity by removing non-target species through bycatch (i.e. the
incidental catch of undersized classes of the target species and other non-target species;
(Davies et al. 2009), changing the total biomass, species composition, and predator–prey
relationships. Bycatch species caught are either discarded when species have not economic
value or due to regulatory measures, or retained on board as byproduct when non-target
species have high market value, and landed in local markets (Hall 1996; Romagny et al.
2000).
In addition to the long-term sustainability of fishing stocks, managing and mitigating
bycatch has been the most pressing issue facing the commercial fishing industry worldwide
in recent years (Hall and Mainprize 2005). Bycatch is also a major concern to conservation
bodies (both governmental and nongovernmental) and the wider public (Alverson et al.
1994; Hall and Mainprize 2005; Gilman et al. 2013). This practice is considered to be
responsible for economic loss and have ecological effects on keystone species which are
important for ecosystem performance and structure (Alverson et al. 1994; Garcia et al.
2003). Vulnerable species groups subject to bycatch include many taxa such as seabirds,
sea turtles, marine mammals, elasmobranchs and other bony fish species. Many of these
species are particularly vulnerable to overexploitation and can decline over short time
scales (decades or less). Evaluating how bycatch impacts the epipelagic ecosystem is
difficult, since pelagic populations are fundamentally difficult to monitor, including species
with a terrestrial component to their life cycle (e.g., sea turtles and seabirds that nest on
land; (Lewison et al. 2004). However, given the demographic vulnerability of long-lived
species, the incidental catch of only a few individuals can have serious population-level
effects.
The Atlantic tropical tuna purse-seine fishery is a multispecies fishery targeting yel-
lowfin (Thunnus albacares), and skipjack (Katsuwonus pelamis), and incidentally bigeye
(T. obesus). For the last decade, the catch of tunas reported by the EU (France and Spain)
tuna purse-seiners varied between 60,000 and 85,000 t/year (Pianet et al. 2011), contrib-
uting between 21 and 28 % of the total tropical tuna catch in the eastern Atlantic. Tuna
schools are detected visually by clues at the sea surface during daylight. The predominant
sighting clues reported in logbooks are (1) free-swimming schools (also termed non-
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associated schools) related to bird flocks and/or when the water surface is rippled, as if a
breeze were blowing over it, and (2) floating objects, such as fish aggregating devices
(FADs), due to the aggregation behavior of tropical tuna with these objects. The setting
operations associated with these two sighting indices define the fishing modes: free-
swimming school sets and FADs sets (or FAD-fishing), respectively. Some sets are per-
formed on whales and whale-sharks, but owing to the tuna species composition and size of
the fish in the catch they are classified as free-swimming schools sets and FADs sets,
respectively (Pallare´s and Petit 1998).
Both fishing modes produce bycatch to a different extent and have a different species
composition. FAD-fishing bycatch is considerably greater than that obtained from fishing
on free-swimming schools (15 t/100 t and 2.8 t/100 t of tuna landed, respectively;
(Amande` et al. 2010). The increasing use of FADs since the early 1990s has generated
concern about their effects on the epipelagic ecosystem, and has become a management
and conservation issue for the International Commission for the Conservation of Atlantic
Tunas (ICCAT). The tropical tuna purse-seine fishery occasionally captures sea turtles
(Amande` et al. 2010), billfishes (Gaertner et al. 2002), and sharks, mainly the silky shark
(Carcharhinus falciformis), comprising up to 90 % of the shark bycatch, and the oceanic
white tip (C. longimanus) (Hall et al. 2000; Amande` et al. 2008). However, there are no
studies concerning the effects of tuna purse-seine fishing modes on species composition
over time and there is uncertainty about the total number of species that may be caught by
these fishing modes.
This study focuses on the potential effects over time of the EU fleet on the bycatch
assemblage by fishing mode. With this consideration in mind our purpose is threefold: first
we analyze the variability in bycatch species composition. Second, we compare and
estimate the species richness of the bycatch. Third, we investigate the spatial occurrence of
the bycatch species which are currently listed in the Red List of Threatened Species of the
International Union for Conservation of Nature (IUCN).
Materials and methods
Data
We compared bycatch data collected by onboard observers on EU purse-seiners operating
in the eastern Atlantic Ocean in two different periods. The first period was covered by an
observer program under the ‘‘EU Research Bigeye Program’’ (Reg. 96/028) conducted
from mid-1997 to mid-1999, targeting bigeye tuna (Ariz and Gaertner 1999) and char-
acterize the period of full development of FAD-fishing. The second period corresponds to
the EU ‘‘Data Collection Framework DCF’’ (Reg. 1543/2000 and 199/2008) between 2005
and 2008, targeting the whole purse seine bycatch species (see Table 1 for statistics of the
sampling effort).
Table 1 Summary of observer data collected during both time periods considered
Observer program Time period Observed fishing trips FSa sets FAD setsb Coverage rate
EU Bigeye 1997–1999 51 787 451 8.70 %
DCF 2005–2008 35 409 345 3.80 %
a Free-swimming schools. b FAD refers to both natural and artificial objects
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Observers onboard identified whenever possible species caught after every fishing set.
Owing to time constraints during the setting process, in some circumstances certain by-
catch species may not have been correctly identified or may have been classified as genus
or family level. Furthermore, observers reported bycatch species in numbers of individuals
(whenever the number of individuals was moderate) and average length or weight in each
fishing set, or in opposite estimated total weights of each bycatch species when marine
animals were too numerous. For the analysis, we decided to use presence/absence data
instead of numbers because during EU Bigeye program, the objective addressed the effects
of FADs on juvenile bigeye tuna, thus less attention was paid on bycatch species. Con-
sequently, the accuracy of numbers of individuals or total weight of bycatch species might
be misled. Notice however that this issue was corrected during the DCF program, which
focuses in overall species caught by tuna purse-seiners. With these considerations in mind
we used a presence/absence criterion for comparing the changes over time of several
functional groups (small tuna species, billfishes, sharks, rays, turtles and other bony fishes;
Table 2).
Analyzing the bycatch species composition by fishing mode
Assuming that variability in species composition among sampling units within a given
spatial or temporal scale may be defined as b diversity (Anderson et al. 2006), changes in
species composition over the two time periods was evaluated on a dissimilarity-based test
for homogeneity of multivariate dispersions (PERMDISP; Anderson 2006). Unlike the
traditional likelihood-based test for differences in multivariate dispersions, the PERMDISP
test is not sensitive to the lack of normality in the data and allows the use of any multi-
variate measure based on pairwise resemblances among sample units (e.g., among fishing
trips). We used the Euclidean distance on presence/absence data, since this distance is
assumed to provide high resolution for measuring changes in communities where many
species are either rare or narrowly distributed (Anderson et al. 2011). For this analysis the
fishing trip was selected as the unit sample to carry out the analyses but we accounted for
the fact that a vessel may perform both fishing modes along a fishing trip by combining the
fishing trip and the fishing mode in a new categorical variable, where species caught in
each fishing trip were divided into species caught on free-swimming schools sets and FADs
sets. The PERMDISP test was carried out by applying one-way ANOVA to the Euclidean
distances from unit samples (fishing trips) within a given time period (corresponding to EU
Bigeye or DCF observer programs respectively) to their group median (centroid), as
follows:
zmij ¼ D xij; mi
 
;
where, xij is the vector which denotes the jth observation in the ith time period in the
multivariate space of the p variables (species). Therefore, the greater the distance is to the
centroid, the greater the variability is in species composition among samples.
Because of potential misidentification at the species level, particularly during the EU
Bigeye program, PERMDISP test was conducted at the family level. It should be stressed
that differences in multivariate dispersions at species level are maintained up to families
(Terlizzi et al. 2009). We used only occurrences when individuals were identified to
species level in order to corroborate family results. This first analysis provides an overall
picture of the variability in species composition by fishing mode between both time
periods. However, this may hide changes in species composition by functional groups (e.g.,
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Table 2 List of functional groups and species reported by observers during EU Bigeye and DCF programs
Functional groups Species Free-swimming
school
FAD-associated
school
IUCN Status
EU
Bigeye
DCF EU
Bigeye
DCF
Sharks Carcharhinidae sp. 1 0 19 7 –
Carcharhinus falciformis 32 1 65 53 Near threatened
Carcharhinus longimanus 4 2 13 4 Vulnerable
Carcharodon carcharias 1 0 1 0 Vulnerable
Isurus oxyrinchus 3 4 4 4 Vulnerable
Lamniformes 1 0 1 0 –
Prionace glauca 2 0 3 0 Near threatened
Sphyrna lewini 16 4 6 0 Endangered
Sphyrna mokarran – – 1 0 Endangered
Sphyrna zygaena 27 7 9 3 Vulnerable
Sphyrnidae 32 0 7 0 –
Rays Dasyatidae 4 0 1 0 –
Pteroplatytrygon violacea 15 6 3 1 Least concern
Manta birostris 16 2 4 4 Vulnerable
Mobula coilloti 0 2 0 1 Unknown
Mobula mobular 22 4 2 1 Endangered
Mobula rancurelli 0 3 1 2 Unknown
Mobula tarapacana 26 0 6 0 Data deficient
Billfish Istiophoridae 11 0 20 3 –
Istiophorus albicans 99 79 22 19 Unknown
Makaira indica 2 1 7 6 Data deficient
Makaira nigricans 23 17 80 66 Vulnerable
Tetrapterus albidus 3 1 2 2 Vulnerable
Tetrapturus angustirostris 0 1 0 1 Data deficient
Tetrapturus pfluegeri 3 0 1 0 Least concern
Xiphias gladius 2 0 7 2 Least concern
Turtles Caretta caretta 14 2 11 1 Endangered
Chelonia mydas 1 6 2 2 Endangered
Dermochelys coriacea 12 2 3 1 Critically
endangered
Eretmochelys imbricata 1 1 1 0 Critically
endangered
Lepidochelys kempii 3 3 4 2 Critically
endangered
Lepidochelys olivacea 0 7 5 5 Vulnerable
Unidentified turtle 3 1 10 0 –
Small tuna
species
Auxis rochei 19 11 16 29 Least concern
Auxis sp. 21 0 52 0 –
Auxis thazard 59 6 41 35 Least concern
Euthynnus alletteratus 12 2 18 21 Least concern
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Table 2 continued
Functional groups Species Free-swimming
school
FAD-associated
school
IUCN Status
EU
Bigeye
DCF EU
Bigeye
DCF
Other bony fishes Abalistes stellatus 2 0 8 0 Not assessed
Acanthocybium solandri 8 7 226 180 Least concern
Aluterus monoceros – – 2 44 Not assessed
Aluterus scriptus – – 0 1 Not assessed
Balistes carolinensis 0 2 36 72 Not assessed
Balistes punctatus 0 1 4 35 Not assessed
Balistidae 1 0 27 2 –
Belonidae – – 3 0 –
Canthidermis maculata 8 2 170 128 Not assessed
Carangidae – – 5 1 –
Caranx crysos 2 0 87 112 Least concern
Caranx sexfasciatus – – 0 1 Least concern
Coryphaena equiselis 2 1 50 6 Least concern
Coryphaena hippurus 15 4 165 109 Least concern
Coryphaenidae 3 0 39 0 –
Diodon hystrix 14 6 15 4 Not assessed
Diodontidae 11 0 –
Echeneidae – – 1 2 –
Elagatis bipinnulata 10 6 199 211 Not assessed
Exocoetidae 2 0 7 0 –
Gempylus serpens 0 1 Not assessed
Kyphosus sectatrix 4 0 58 27 Not assessed
Kyphosus sp. – – 16 5 –
Lagocephalus
lagocephalus
0 2 0 1 Not assessed
Lampris sp. – – 1 0 –
Lobotes surinamensis 2 3 133 67 Not assessed
Luvarus imperialis 0 1 – – Not assessed
Masturus lanceolatus – – 3 1 Not assessed
Mola mola 73 17 12 4 Not assessed
Molidae 12 0 4 0 –
Naucrates ductor 3 3 3 0 Not assessed
Ranzania laevis 2 1 – – Not assessed
Remora brachyptera – – 0 2 Least concern
Remora remora 17 16 21 9 Not assessed
Remorina albescens 0 2 Least concern
Ruvettus pretiosus 0 2 0 24 Not assessed
Sarda sarda 3 0 Least concern
Biodivers Conserv
123
a decrease in the number of shark species may be compensated by an opposite trend in
billfish species). Consequently, we performed PERMDISP by functional group using
occurrences of individuals identified to species level. Additionally, we used quarterly strata
to calculate the probability of occurrence by species groups per set (P). The probability of
occurrence per fishing mode was calculated as:
Pij ¼ Sij=Sj
with (Sij) the numbers of sets for which species group i was present and (Sj) the total
number of sets observed for stratum j.
Species richness
Estimating species richness of the tropical tuna purse-seine fishery is relevant because the
ICCAT has listed around 242 bycatch species (http://www.iccat.int/en/bycatchspp.htm)
which have been caught with all tuna fishing gears (i.e., longline, pole-and-line, and purse-
seine) in the Atlantic Ocean. In the case of the tropical purse seine fishery we are interested
to investigate spatio-temporal changes in species richness and how many species can
potentially be caught by the two main fishing modes. With the objective to describe the
assemblage associated with each fishing mode, and to investigate whether there was any
change between the two time periods, we used the overall number of species reported
summing both periods, and then by functional groups. Billfishes and turtles were omitted
since the total number of species of these groups inhabiting the Atlantic Ocean is assumed
to be already known.
We used sample-based rarefaction curves to account for natural levels of sample het-
erogeneity (patchiness) in the data, (Gotelli and Colwell 2001). These curves were esti-
mated in a quarterly basis to account for spatio-temporal distribution of purse-seine
vessels. Rarefaction curves represent the plot of the cumulative number of species detected
as a function of the number of samples, reach an asymptote as fewer new species are found
per unit of new samples collected, giving insight about the expected species richness
Table 2 continued
Functional groups Species Free-swimming school FAD-associated school IUCN Status
EU Bigeye DCF EU Bigeye DCF
Scomber sp. 0 2 0 1 –
Scombridae 1 0 – – –
Seriola rivoliana – – 5 14 Not assessed
Serranidae – – 3 0 –
Sphyraena barracuda 4 1 87 29 Not assessed
Sphyraenidae – – 7 0 –
Uraspis secunda 1 2 42 15 Not assessed
Uraspis sp. – – 0 2 –
Uraspis uraspis – – 0 3 Not assessed
It is shown the number of sets in which the species occurred by fishing mode (free-swimming school and FADs)
within each observer program as well as their IUCN status. It must be kept in mind that IUCN status concerns all
fisheries and not specifically the consequences of the purse seiner activities
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(Gotelli and Colwell 2001). Although this asymptote is rarely reached, it is possible to
estimate the total species richness by extrapolation approaches (Colwell et al. 2004).
Among the different species richness estimators, we used Chao2 (Chao 1984) because is
known to provide a better estimate of true species richness than observed species richness,
especially for small sample numbers (Colwell and Coddington 1994). This estimator is
expressed as: Sobs ? q1
2/q1
22q2 where Sobs is the number of species observed, q1 is the
number of species that occur in only one sample and q2 is the number of species that occur
in exactly two samples. For this analysis, we gathered the total species reported in both
periods considered to calculate the Chao2 estimator.
Bycatch species classified as threatened by IUCN
In order to describe and locate which areas may be affected by the activities of the tropical tuna
purse-seine fishery on the epipelagic ecosystem of the eastern Atlantic Ocean, we show the
spatial occurrences by fishing mode of the incidental species which are also classified at least
as vulnerable on the IUCN red list. We classified these species into functional groups again as
early in this study. For instance, among the 6 shark species with high occurrence only the silky
shark (C. falciformis), scalloped hammerhead (Sphyrna lewini), oceanic whitetip shark
(C. longimanus), and smooth hammerhead (S. zygaena) are listed as near threatened,
endangered, and vulnerable, which were considered and termed here within Sharks functional
group. The same classification scheme was used for Rays, Billfishes, and Turtles.
Results
Impact of the fishing modes on the bycatch species composition over time
From the PERMDISP tests, there was no evidence of differences in the variability of
species, or families, composition among fishing trips between the 2 periods analyzed,
whatever the fishing mode (Table 3). Changes in species composition by functional groups
showed similar patterns, except for the bycatch of sharks on FADs and for rays caught on
free-swimming schools. For these two chondrichthyan groups, the species composition was
larger (i.e. high average distance to centroid dcen) during 1997–1999 than during
2005–2008. The average distance to the centroid also reflects how high, or low, the species
composition among fishing trips is. For instance, when using all species in the calculation
of the test, sets on FADs presented the highest value, indicating a greater diversity for this
fishing mode compared to free-swimming school sets. Among each functional group, as
expected, bony fishes presented the highest diversity for both fishing modes, while lowest
values associated to rays and turtles caught on FADs, and small tuna species and turtles
caught on free-swimming schools.
Probabilities of occurrence per set and by quarter showed marked differences between
fishing modes (Fig. 1). FAD-fishing is characterized by a high probability of occurrence
(*0.9) of other bony fishes, while fishing on free-swimming schools is characterized by
billfishes and other bony fishes (*0.5). Sea turtles are the functional group least likely to
occur per set (\0.2). Between periods, during the first period (1997–1999), the probability
of occurrence of all functional groups was similar throughout the second and third quarter.
In contrast, during the second period (2005–2008) the highest probability of occurrence
was observed for billfishes and other bony fishes.
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Species richness over time
There was no evidence of a change in the number of species by fishing mode between time
periods: 49 vs. 47 for FADs (451 vs. 345 sets), and 45 in both cases for free-swimming
school (787 vs. 409 sets), respectively (Table 4). After gathering the observations collected
during both periods, a total of 57 species were reported for FADs sets, and 56 species for
free-swimming schools sets.
Chao2’s estimates of the total species richness for each fishing mode suggest that for
sets on FADs a maximum of 87 species can be caught by purse-seiners, while for free-
swimming schools, 61 species can potentially be caught (Table 4). Based on the Chao2
estimator, with the exception of sharks caught on FADs, where the number of shark species
could be up to 10, there was no evidence that the number of species observed in functional
groups be underestimated (Table 4). However, for sharks less species were observed
during the second period than the first (Table 2).
The spatio-temporal results showed changes in species richness throughout the year for
each fishing mode over the two periods analyzed and none of the rarefaction curves
reached the asymptote. For free-swimming school sets the highest species richness was
observed during second and third quarter (Fig. 2). The spatial distribution of these sets was
near to the coast both, in the Gulf of Guinea and Senegal (Fig. 2). Over the EU Bigeye and
DCF programs, the rarefaction curves growth slowly, suggesting that the bycatch species
on free-swimming school sets are not systematically caught. However, the DCF rarefaction
curves were above the EU Bigeye curves, suggesting an increase of bycatch species caught
in free-swimming school sets.
Table 3 Multivariate dispersion (dcen) based on the Euclidean distance of presence/absence by bycatch
species groups for FAD-fishing and free-swimming schools, including results of the PERMDISP test, used
for the comparison between EU Bigeye (1997–1999) and DCF observer (2005–2008) programs
dcen EU Bigeye dcen DCF df Sum Sq Mean Sq F Pr ([F)
FADs
All families 1.745 1.72 1 0.0124 0.012369 0.0722 0.801
All species 2.435 2.376 1 0.0632 0.063172 0.5006 0.491
Small tuna species 0.7274 0.5617 1 0.5177 0.51773 1.7485 0.195
Sharks 0.8706 0.6864 1 0.6397 0.63974 4.6977 0.023
Rays 0.3049 0.2121 1 0.1622 0.16221 0.7887 0.376
Billfish 0.7347 0.7683 1 0.0213 0.021305 0.1438 0.712
Turtles 0.3764 0.3156 1 0.0697 0.06969 0.2552 0.573
Other bony fishes 1.788 1.843 1 0.0567 0.056675 0.8381 0.365
Free-swimming schools
All families 1.758 1.613 1 0.3874 0.38744 2.5428 0.124
All species 2.009 1.92 1 0.1452 0.1452 0.4737 0.522
Small tuna species 0.3843 0.2623 1 0.2931 0.29314 1.0911 0.309
Sharks 0.5958 0.371 1 0.9962 0.99623 2.7419 0.1
Rays 0.695 0.4493 1 1.19 1.19 4.4805 0.038
Billfish 0.7547 0.6552 1 0.1954 0.19539 1.4288 0.237
Turtles 0.4057 0.487 1 0.1304 0.13041 0.3996 0.506
Other bony fishes 1.196 1.114 1 0.1336 0.13356 0.3685 0.549
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By contrast, for FAD sets, the highest number of species richness was observed during
the first and third quarters (Fig. 3). Spatially, during these quarters, the purse seine fleet
was distributed offshore, along the equator mainly (Fig. 3). Comparison between observer
programs, during DCF period, fewer species were reported, but curves for both periods are
overlapped, suggesting that the same number of species can be caught in recent years as
during the late 1990s. Furthermore, the rarefaction curves growth rapidly for FAD sets,
suggesting the high incidence of different species. Because none of the curves reached the
asymptote, this suggests that for FADs sets there are species that may be caught yet or
identified by increasing the number of fishing trips with observers.
Species listed as threatened on the IUCN red list
All the species present in the bycatch of the tropical purse seiners and listed on the IUCN
Red List, were more frequently reported during the late 1990s than during the late 2000s
(Table 2). Silky shark (an IUCN-near threatened species), which is mainly associated with
FADs, was among the four shark species listed by the IUCN with the highest occurrence.
In contrast to silky shark, scalloped hammerhead (IUCN-endangered) was more common
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on free-swimming school sets during the first period. Atlantic sailfish (Istiophorus albi-
cans) and Atlantic blue marlin (Makaira nigricans) were the main billfish species present
in purse seine bycatch. The former species (whose status on the IUCN list is unknown) was
Table 4 Species richness observed during each period and for the total combined, and estimated from the
species richness asymptotes and the corresponding standard errors for the Chao2 estimator
Species EU Bigeye Species DCF Total Chao2 Chao2.se n
FADs
All species 49 47 57 87.3 28.7 796
Sharks 8 4 8 10 3.7 796
Rays 5 5 6 6.5 1.3 796
Other bony fishes 21 24 27 27.0 0 796
Free-swimming schools
All species 45 45 56 61.1 4.4 1,196
Sharks 7 5 7 7 0 1,196
Rays 4 5 6 6 0 1,196
Other bony fishes 17 20 25 26.8 2.2 1,196
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more common in free-swimming schools than on FADs in contrast to the latter which is
(listed as vulnerable by IUCN) and is more frequent on FADs than in free-swimming
schools. Sharks and billfishes associated to FAD sets were caught mainly offshore, while
the other functional groups were caught mainly inshore (Fig. 4).
In the group of rays, the giant manta (Manta birostris) and the devil fish (Mobula
mobular) are listed by the IUCN as vulnerable and endangered respectively. Both species
were present in purse-seine bycatch during both periods, but the highest occurrences were
found in free-swimming schools sets during the first period (Table 2). Among the six
species of sea turtles caught incidentally by purse-seiners, three are listed by IUCN as
critically endangered, two endangered and one vulnerable. Occurrences of sea turtles were
the least number of times and observers onboard reported that most of the individuals were
released to the sea alive. However, these values may be biased since they do not include
turtles that may have been entangled in the net hanging under the FAD.
As depicted by Fig. 4, bycatch of sharks on FADs were mainly in front of Liberia and
near Gabon, while bycatch of free-swimming schools was inshore near to Liberia and
Senegal. FADs and free-swimming school bycatch of ray species was mainly above 5N
latitude near to the African west coast. Atlantic blue marlin was caught along the equator to
25W longitude and between the equator and 15N latitude, while in free-swimming schools
bycatch was mainly located in front of Gabon. The loggerhead turtle and the leatherback
turtle occurred mainly on free-swimming schools sets and their spatial distribution was
similar to that observed for the Atlantic blue marlin associated with the same fishing mode.
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Discussion
Although everybody understands what ‘‘ecosystem overfishing’’ means, Murawski (2000)
highlighted the lack of consensus defining this term and suggested the need for objective
metrics that gauge properties associated with the main features of the ecosystem (e.g.,
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Fig. 4 Comparison of the spatial distribution of the taxonomic groups (sharks, billfishes, rays and turtles)
caught incidentally during the EU Bigeye (white dots) and DCF (dark grey dots) programs by fishing mode
(FADs and free-swimming schools). The number of individuals is given only as reference due to the reasons
explained in Materials and methods section
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production, diversity, and variability). Fisheries management has been changing from a
single-based regime towards an ecosystem-based fishery management (EBFM). Such
approach encourages the consideration of bycatch in management in order to maintain
biodiversity (Garcia et al. 2003), specifically to maintain a balanced harvesting of the
ecosystem (Gaertner and Chavance 2010; Garcia et al. 2012). Due to the multispecies
nature of tropical tuna purse-seine fisheries, they cannot be assessed only in terms of tuna
catch (Gaertner et al. 2002). Our findings contribute to understanding the effect of the two
fishing modes employed by tuna purse-seiners on the epipelagic ecosystem in the tropical
Atlantic Ocean, increasing knowledge towards an EBFM. Tuna purse-seining captures a
number of epipelagic species for which there is a lack of knowledge about their status and
role in the ecosystem.
The effects of this fishery on bycatch species, which will be different depending on their
productivity and vulnerability (Arrizabalaga et al. 2011), need to be further investigated.
For instance, while low bycatch mortality may have a great impact on certain vulnerable
species, such as sharks, high bycatch mortality (e.g. approximately 80–90 % of the bycatch
is composed of small tuna species and other bony fishes) of other more productive groups
may not affect the ecosystem, based on the balanced harvest concept (Garcia et al. 2012).
In this sense, it is argued that a balanced exploitation might reduce many of the ecological
effects of fishing by avoiding the intensive removal of particular components of the eco-
system (Zhou et al. 2010; Garcia et al. 2012). An alternative to encourage fishermen to be
more responsible in terms of ecosystem management is to account for bycatch in the
calculation of fishery agreements and to promote the consumption and valorization of
species usually discarded (Gaertner and Chavance 2010).
In the eastern Atlantic Ocean, in addition to the establishment of time-area closures,
ICCAT has established a number of recommendations to reduce the bycatch of sharks,
billfishes and turtles. Some efforts have been made to change technological gears and
fishing procedures to reduce shark bycatch in tuna fisheries (Cosandey-Godin and Morgan
2011), such as the use of deterrents, as well as bait stations, and/or the use of sounds and
chemicals that could lure sharks away from FADs before setting (Kondel and Rusin 2007).
Other efforts made to reduce the overall bycatch include restrictions on setting times (e.g.,
setting at times of the day when non-tuna species are less concentrated beneath the FAD),
using multiple FADs to segregate certain species, and the use of biodegradable FADs
designed to reduce the potential entanglement of bycatch species (Franco et al. 2012).
Despite these efforts to reduce bycatch, the number of FADs deployed in the sea is
unknown, but it is likely to increase with time.
After the dolphin-tuna problem in the eastern Pacific Ocean (EPO), the development of
FAD-fishing worldwide in the early 1990s became a conservation issue for tuna purse-
seine fisheries. Nevertheless, fishing on free-swimming schools also generates bycatch,
although to a lesser extent than observed with FADs, as well as the species composition
between fishing modes differs (Amande` et al. 2011). Our findings show that except for
sharks, the species composition caught by EU purse-seiners have not changed over time,
despite the increasing use of FADs between the two periods considered. Using abundance
instead of presence/absence would have been more appropriate to assess possible changes
in species composition variability (Anderson et al. 2011), specifically if catches of certain
species have been reduced. However, Hortal et al. (2006) showed that incidence-based
estimators (e.g., Chao2) are accurate and less sensitive to drawbacks, such as sample
coverage, patchiness of species distributions, and variability in the probability of capture. It
should be noted that not all species are caught in the same magnitude and some of the
species occurred only occasionally (Chassot et al. 2009; Amande` et al. 2010). In addition,
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because EU Bigeye observer program focused on the effects of FADs on bigeye tuna not
all species were systematically identified at a species level, limiting further analyses using
abundance and/or weight data.
With regard to the different fishing gears exploiting the high-sea ecosystem, the EU tuna
purse-seiners operating in the Atlantic Ocean generate less bycatch than tuna or tuna-like
species longline fisheries. For instance, sharks and billfishes bycatch by longliners tar-
geting tuna correspond to 8.7 and 6.3 % of the total catch respectively (Matsumoto and
Miyabe 2000), whereas in the EU purse-seine fleet, these species groups only represent
0.09 and 0.4 % of the total catch respectively (Amande` et al. 2010). The observation of
fewer species of groups caught during the second period might possibly have been caused
in part by changes in the spatial distribution of fishing effort. This may be biased by the
small number of fishing trips observed, or due to changes in setting behavior of purse-
seiners related with the implementation of the moratorium on FADs, mainly avoiding
schools where small-sized tuna are present (as suggested by Goujon 2004), or by real
abundance decreasing (Gerrodette et al. 2012). Recently, Amande` et al. 2012 showed that
increasing the sampling coverage rate will result in a reduction of bias when estimating
bycatch species in tuna purse-seine fisheries in the Indian Ocean. Although the magnitude
of bycatch in tropical tuna purse-seine fisheries is small, it can raise conservation issues
due to the high biodiversity of species that are incidentally caught, mainly endangered and
vulnerable species, such as turtles, sharks, and rays (Amande` et al. 2012). Among the
species cataloged as threatened by the IUCN and caught by the EU purse-seine fleet, only
Atlantic blue marlin presented high occurrences under FADs. The other species with high
occurrences are not catalogued as threatened (e.g., silky shark is near threatened and the
status of Atlantic sailfish is unknown). Notice that stocks of billfishes are evaluated by
ICCAT, but their status remains uncertain due to the low quality of information on catch
and effort of these species. It makes sense to assume that the decline in top predators may
increase predators or herbivores in mid-trophic levels (mesoconsumers), thereby affecting
their prey (Heithaus et al. 2008). However this assumption was not supported by the tuna
purse-seine fishery operating in the EPO, where there is no evidence of decreasing trophic
levels in landings and discards. The same pattern is observed when evaluating the index of
replacement time of landings and discards on free-swimming schools and FADs (Gerro-
dette et al. 2012).
The potential problems associated with bycatch and/or discards can be extensive:
threatening endangered species, wasting resources, increasing fishery costs, damaging
habitat, affecting the foodweb and redirecting ecosystem pathways (Hall et al. 2000).
Given sufficient investment in research and development, changes in fishing gear and
methods are possible that could reduce bycatch in tuna fisheries. While recognizing that
long-term viability relies on the availability of tuna resources, voluntary action by the tuna
fishing industry to reverse and prevent further overexploitation of tuna stocks and to
address bycatch issues may be limited (Gilman 2011). In the case of purse-seining in the
Atlantic Ocean, there is a local market of ‘‘faux poisson’’ in Abidjan, Coˆte d’Ivoire, which
may valorize the main component of the bycatch as a byproduct (Romagny et al. 2000).
The ‘‘faux poisson’’ landed by the EU purse-seiners, consists of undersized skipjack and
small tunas species mainly, has fluctuated since the early 1980s with a recent increasing
trend, from around 8,000 t in 2003 to 30,000 t in 2009 (Chassot et al. 2009; Chavance et al.
2011). In such context, offering extra income for bycatch, fishers could be encouraged to a
point where they do not entirely avoid bycatch. For this reason, it was suggested to include
bycatch in the calculation of fishing agreements (Gaertner and Chavance 2010).
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While efforts to manage bycatch have been made by Regional Fisheries Management
Organizations (RFMOs), several gaps remain, and compliance by many member States is
likely to be low (Amande` et al. 2012). However, research is only a small part of bycatch
management. Reducing bycatch to sustainable levels (e.g., promoting better selectivity,
and not only focusing on greater selectivity) will also require collaborative efforts among
scientists, conservation organizations, resource managers and industry. Effective tuna
fisheries management will require coordinated actions by RFMOs to develop a combina-
tion of technological improvements, changes in fishing practices, modification of fishing
effort and international agreements that, together, can monitor and manage bycatch,
reducing the negative effects of these practices on the epipelagic ecosystem (Lewison et al.
2004). Tuna purse-seine fishery management must extend observer programs to all con-
tracting parties to ensure that an EBFM may be implemented in practice.
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